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Abstract 
An analysis of measurements of criticality, central reaction rate ratios, reaction rate distributions and reactivity coefficients performed 
at the BFS critical assemblies is important both for obtaining information required to refine neutron data and assessing the accuracy of 
neutron-physical characteristics. The high core heterogeneity of critical assemblies dictates the need for using codes capable of reproducing 
an accurate description of the geometry and detailed representation of the energy dependence of neutron data. At the same time, serial 
verification tests of evaluated nuclear data libraries and processing and transport codes require significant computer time to obtain results of 
sufficient precision. In such cases, it is possible to achieve the required accuracy in measuring neutron-physical characteristics by using non- 
analogous calculation methods (variance reduction methods). The paper presents the algorithms for improving the efficiency of calculations 
based on non-analogous methods implemented in the MCNP code as exemplified by an analysis of experiments on measuring reaction rates 
in critical multiplying systems with a complex heterogeneous composition. The results of the analysis have shown that the combination 
of mesh-based weight window with energy splitting/roulette leads to a significant increase in the calculation efficiency and a reduction of 
computational time from a few days to a few hours at a statistical error in the spectral indexes of less than 2%. 
Copyright © 2016, National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). Production and hosting by 
Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Bntroduction 
Currently, much attention is paid to the activities focused
n refining reactor data based on measurements of critical-
ty, central reaction rate ratios, reaction rate distributions and
eactivity coefficients at the critical assemblies. These exper-
ments are important both for obtaining information required
o refine neutron data and refining some essential neutron-
hysical characteristics (e.g., measurements the ratios of 238 U
apture rates and 235 U fission make it possible to estimate the
rediction accuracy of the breeding ratio [1] ). The high core
eterogeneity of critical assemblies dictates the need for us-∗ Corresponding author. 
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452-3038/Copyright © 2016, National Research Nuclear University MEPhI (Mos
.V. This is an open access article under the CC BY-NC-ND license ( http://creating codes capable of reproducing an accurate description of
he geometry and detailed representation of the energy depen-
ence of neutron data. This can be done using codes based on
he Monte Carlo method (e.g., MCNP [2] ). At the same time,
ven at the present high level of computing, to achieve statis-
ically reliable results for a number of tasks involves consid-
rable computing time consumption. This situation becomes
ritical for solving tasks that require serial multivariate calcu-
ations [3] : a comparison of nuclear data libraries and eval-
ated nuclear data files based on calculations of local func-
ionals, evaluation of reactor characteristics uncertainties etc. 
In recent years, research groups from the Oak Ridge and
os Alamos National Laboratories (USA) have been actively
orking on the development of non-analogous methods (vari-
nce reduction methods (VRM), subsequently implemented in
he MCNP, MVC etc.). However, most of these methods are
ocused on improving the accuracy of solution to problems
ith an external source (radiation protection tasks), and not
dapted to the problems of evaluating local bilinear function-cow Engineering Physics Institute). Production and hosting by Elsevier 
vecommons.org/licenses/by-nc-nd/4.0/ ). 
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m  als in critical heterogeneous systems. In this context, it be-
came necessary to find and validate a method for improving
the efficiency of non-analogous calculation of local function-
als in critical systems with heterogeneous composition which
would not lead to a biased estimation of functionals. 
Specifics of calculations of reactor characteristics at BFS 
assemblies using precision codes 
Currently, much attention is paid to integral experiments on
reaction rate ratio measurements. An analysis of these mea-
surements is important for calculations to refine reactor data;
it includes the creation of an acceptable model to perform a
series of calculations to compare nuclear data group libraries
and evaluated nuclear data files [4] . 
The authors analyze a series of experiments carried out to
measure fission rate ratios at the sets of critical BFS config-
urations. The core cells of the critical assemblies are made
up of standard BFS plutonium and depleted uranium pellets
as well as materials simulating various types of liquid-metal
coolants and structural materials. The shields were composed
of depleted uranium dioxide. The cores of the assemblies con-
sisted of aluminum pipes 5.1 cm in diameter containing cells
which formed a set of various pellet compositions of fissile,
coolant and structural materials. 
There are several methods of measurement of the spectral
index (fission rate ratio of different isotopes) at the BFS as-
semblies [5] , one of which is based on using small fission
chambers placed by means of a manipulator into the inter-
tube gaps ( Fig. 1 a). A small fission chamber is a cylindrical
stainless steel tube 0.6 cm in diameter, 12 cm long, with a
wall thickness of 0.05 cm. The registration volume of a fis-
sion chamber is a small volume formed by the cylindrical
region 0.6 cm in diameter (i.e. the chamber diameter) and a
height of 3 cm (the fissile layer height). For a correct de-
scription of these experiments, it is required to draw detailed
calculation models for the precision codes; the MCNP code
provides the amplest opportunities for a description of the
geometry of such systems. Fig. 1. Location of small fission chambers in the BFS core intertube gap To calculate the spectral indexes, it is necessary to obtain
he product of the neutron flux averaged over the registration
olume < > V in the place where the chamber located in the
ore ( R is the location in the intertube gap relative to the core
entral channel; H is the location heightwise relative to the
entral core plane) and the cross-section K of a corresponding
eaction K . The integral of this product is equal to the reaction
ate, and can be written as follows: 
 i ( R, H, E ) = 
∫ 
E 
< ϕ ( R, H, E ) > V σ i K ( E ) dE . 
The small fission chambers were used in the experiments
or measuring the ratio of 239 Pu, 238 U fission rates to 235 U
ssion rate ( F 49/ F 25 and F 28/ F 25). In addition, consideration
as given to the experiments on measuring the ratio of 238 U
apture rate to 235 U fission rate ( C 28/ F 25) performed by the
ctivation technique using natural and enriched uranium foils
ocated in a split pellet or between two pellets in the central
ell. Fig. 1 b shows the location of foils between two pellets.
These integral experiments are important to determine the
ccuracy of reactor characteristics prediction. They were car-
ied out in different years at the BFS assemblies, model-
ng various core compositions and configurations of liquid
etal cooled reactors. For the calculations, detailed calcula-
ion models were elaborated for MCNP and assessments of
xperimental data were made which were included into the
RPhEP Handbook [6–9] : 
• BFS-31, -33, -35, -38, -42 are models of reactor cores for
studying the properties of fuels in the fast spectrum; 
• BFS-57,-59 are assemblies for studying the properties of
MOX fuel; 
• BFS-61 is a lead-cooled fast reactor model; 
• BFS-62 is a sodium-cooled fast reactor hybrid core model;
• BFS-97, -99, -101 are models for studying critical mass in
the production of MOX fuel; 
• BFS-73 is a uranium-fueled fast reactor model. 
Within the MCNP code, a wide range of VRM is imple-
ented which are simplified and automated, which signifi-(1) and activation foils during the measurement of reaction rates (2). 
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Table 1 
FOM for direct calculations. 
Configuration Type Activation Technique Small Fission Chambers 
V рас / V 10 –8 FOM C 28 FOM F 25 V рас / V 10 −4 FOM C 28 FOM F 28 FOM F 25 FOM F 49 
BFS-97-1 10 25 47 7 80 35 183 195 
BFS-97-3 16 1 5 15 0 .3 90 25 7 
BFS-99-1 13 0 .5 4 12 0 .4 75 22 6 
BFS-101-2 2 0 .6 2 2 0 .2 20 7 3 
BFS-42 3 0 .8 8 4 1 .2 10 25 7 
BFS-59 2 0 .3 4 4 0 .7 78 44 37 
BFS-34-1 0 .6 0 .1 0 .6 0 .7 0 .5 1 3 3 
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e  antly improves their efficiency [10,11] . For characterizing the
RM efficiency, within MCNP the concept of “calculation ef-
ciency” or FOM (from eng. figure of merit ) was introduced ,
hich interconnects the two conflicting indicators: the calcu-
ating time T and squared relative estimation error R 2 of the
alculated functional ( FOM = 1 / ( R 2 T )). Since R 2 is inversely
roportional to the calculating time T , the FOM method ef-
ciency is constant at the same parameters of the problem.
ithin MCNP, the FOM value is one of the most important
ndicators of reliability and efficiency of calculation functional
ssessments (reaction rate, average neutron flux over the cell,
tc.). The efficiency index typical for the direct calculation is
qual to unity; this means that it takes seven days to achieve
 relative error equal to 1% and two days to achieve a rela-
ive error equal to 2%. If it is somehow possible to increase
he efficiency tenfold, even 1% will be achieved in less than
ne day. 
A characteristic feature of this problem is the symmetry.
n view of the symmetry, to improve statistics in each case,
he highest possible calculated volumes were selected so as
o minimize the shifts in the calculated values due to such
hanges in real geometry. It is crucial that the measurements
sing activation techniques and small chambers (central in-
exes as well as height distributions) be estimated within the
ame calculation task. For the measurements in the empty
hannel as well as measurements of radial distributions, sep-
rate calculation models were constructed. 
The direct calculation of the reaction rates measured at the
FS-97-1 assembly without the hydrogen-containing moder-
tor gave satisfactory results. In the case of the BFS-97-3,
t was found that the accuracy of the calculated functionals
s several orders higher than is required for such estimations
1–2%). This means that for the estimation error to be within
he specified range, it is required to increase the calculating
ime by two orders. If the typical calculating time for these
ssemblies is about five hours, it will take about 20 days to
chieve statistically reliable results (without using VRM). 
Table 1 shows the efficiency indexes for the direct calcula-
ion of functionals in the second and fifth columns (the value
 cal / V is the ratio of calculated volumes to the total core vol-
me). It is clear that a decrease in the calculated volume leads
o the efficiency degradation due to decreasing the probability
or a neutron to cross a small area. 
Since it is desirable to estimate all the functionals in the
ame calculation task, it is necessary to focus on the func-ional with the lowest efficiency. If such calculation efficiency
s high for the homogeneous BFS-97-1 assembly ( ∼25), it is
ess than unity for the others. 
ariance reduction methods 
The VRMs help significantly reduce the calculation time
ut their incorrect use is associated with a great risk of obtain-
ng a hardly determinable biased estimation. Using the VRM
s more justified when simulating events that occur in a real
ystem very rarely, i.e. when extracting valuable information
y means of an analog method requires a large amount of
alculation. 
The first difficulty associated with the use of VRM is the
election of a suitable method. There are three basic types
f non-analog techniques: (1) splitting, (2) Russian roulette,
nd (3) sampling using non-analog probability density func-
ions. All these methods are based on the distortion of analog
rocesses in order to have the events of interest occur more
requently. 
Each of these methods is designed for a specific range
f tasks. Sampling from non-analog probability density func-
ions methods, such as source bias, exponential transforma-
ion and implicit capture, are used for the shielding prob-
ems. Correlated sampling method is applicable to improve
he sampling of the particles that tally. Forced-collision and
oint-detection methods are used for determining a contri-
ution to the point detector. Of all these methods the fol-
owing ones may be suitable to the considered type of tasks:
ell and/or energy splitting-roulette, cell and/or energy weight
indows, geometry truncation and/or combinations of these
ethods. 
For problems with an external source, there are recom-
endations on the selection of both the VRM and their pa-
ameters [10] . These methods are not adapted for estimations
f local bilinear functionals in heterogeneous critical systems,
or example, for the automatic selection of the weight win-
ow method parameters, the program has a built-in package
f modules which calculate the adjoint flux relative to the
etector using a deterministic model. The adjoint flux calcu-
ation for a critical task is not provided [2] . 
The main task is the selection of optimal VRM (or their
ombinations) without additional calculations involving de- 
erministic programs. The specifics of the task (strongly het-
rogeneous medium, necessity for conducting series of mul-
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Table 2 
Comparison of the ratio of direct calculation efficiency indexes with calculations using different VRM. 
Option Efficiency (FOM) 
Activation Technique Small Fission Chambers 
C 28 F 25 C 28 F 28 F 25 F 49 
0 without VRM 1 5 0 .3 90 25 7 
VRM Т 0 / T i 
1 3 4 5 1 .6 1 .5 2 
2 4 4 7 7 6 6 
3 5 6 21 8 17 15 
4 10 7 14 6 6 5 
5 15 20 20 5 20 30 
Table 3 
Comparison of the ratio of direct calculation efficiency indexes with calculations using the fifth option of VRM. 
Configuration Type Activation Technique Small Fission Chambers 
C 28 F 25 C 28 F 28 F 25 F 49 
BFS-97-3 15 20 20 15 20 30 
BFS-99-1 13 17 12 7 18 25 
BFS-101-2 12 10 25 7 17 15 
BFS-42 20 10 20 15 20 30 
BFS-44 25 16 15 12 15 15 
BFS-59 25 19 23 8 17 15 
BFS-61 25 24 15 10 20 25 
BFS-34-1 28 25 13 9 14 19 
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o  tivariate calculations) imposes additional restrictions: firstly,
the relative calculated functional error should not exceed 2%,
and secondly, the calculating time should not exceed at least
two days. 
In order to select the most appropriate VRM, calculations
were performed for the BFS-97-3 assembly. Table 2 shows
the results of the calculation time acceleration using differ-
ent VRM options. The numbers of the considered calculation
options are in the first column (0 is the calculation option
without involving VRM, 1 is the splitting and roulette option
(2,481,632), 2 is the real geometry cell weight window (WW),
3 is the cell and energy WW, 4 is the geometry-independent
grid WW, 5 is the geometry and energy-independent grid
WW). All calculation results obtained using VRM were com-
pared with the direct calculation results with an estimated
accuracy of less than 1.5%; the differences in the results of
direct and indirect calculations did not exceed 1%. It was
found that the combination of spatial and energy splitting in
the weight window method significantly improved the calcu-
lation efficiency: the calculating time is reduced from seven
days to 10 h at a relative error of less than 2% ( Tab. 2 ). 
The same scheme of spatial and energy splitting was ap-
plied to the remaining assemblies of this type. Table 3 shows
data on time reduction. It can be seen that even in the case
where it took more than 20 days in order to achieve the ac-
curacy of 2%, the resulting increase in the efficiency leads to
a reduction of the calculating time to two days. c  
malculation results 
To construct a model of a simultaneous (i.e. within the
ame calculation task) calculation of the experiments for mea-
uring the reaction rate ratios performed by means of two dif-
erent (activation and small chambers) methods, it was nec-
ssary to apply VRM so that the accuracy of the estimated
alculation characteristics would be of the same order. In do-
ng so, additional conditions were accepted for the calculation
ime and accuracy achieved during this time. 
Table 4 shows a comparison of the calculated and exper-
mental data on the reaction rate ratios obtained during the
xecution of one and the same calculation task. The fourth
olumn indicated the experimental relative error in the re-
ults in percent; the estimated error yielded by the program
s in the fifth column. As can be seen, for all ratios, in-
ependent of the measurement technique, the calculation er-
or does not exceed the experimental error. At the same
ime, the calculation-to-experiment ratio (the sixth column)
s within the experimental error or, at least, within the 3
imit. 
The performed calculation analysis has shown that the rea-
onable use of VRM implemented in the MCNP code makes
t possible to construct reliable and efficient calculation mod-
ls of integral experiments for determining local functionals in
trongly heterogeneous systems which are important in terms
f verification of neutron data and estimation of the reactor
haracteristics uncertainty [12–15] . Due to this, the experi-
ents can be presented as benchmark models [16] . 
O.N. Andrianova et al. / Nuclear Energy and Technology 2 (2016) 197–202 201 
Table 4 
Results of calculations of reaction rate ratios measured by the small fission chambers in the intertube gap near the central tube. 
1 2 3 4 5 6 7 
Index Assembly type Exp. value R Э ,% R Р ,% C/E-1% R ,% 
Small Fission Chambers F 49 /F 25 BFS-97/1 1.106 1 .4 0 .5 −0 .5 1 .5 
BFS-97/3 1.727 1 .7 0 .7 −2 .1 1 .8 
BFS-99/1 1.703 1 .7 0 .7 0 .1 1 .8 
BFS-101/2 1.822 1 .4 0 .6 −0 .7 1 .5 
BFS-42 0.898 1 .9 0 .6 3 .6 2 .3 
BFS-31-4 0.899 1 .8 0 .9 0 .3 2 .0 
BFS-59 2.090 1 .0 1 .5 –1 .4 1 .7 
BFS-61 1.057 1 .0 1 .0 –1 .0 1 .4 
BFS-62 0.965 1 .0 1 .0 –0 .6 1 .2 
BFS-73 1.112 1 .2 0 .8 –1 .1 1 .4 
Small Fission Chambers F 28 /F 25 BFS-97/1 0.0553 2 .5 0 .7 0 .5 2 .6 
BFS-97/3 0.0168 2 .9 0 .6 –0 .6 3 .0 
BFS-99/1 0.0166 2 .9 0 .6 –2 .4 3 .1 
BFS-101/2 0.0109 2 .8 0 .9 1 .8 2 .9 
BFS-42 0.0189 2 .1 0 .6 –5 .3 2 .2 
BFS-31-4 0.0179 2 .8 1 .7 0 .6 3 .3 
BFS-59 0.00250 2 .8 0 .8 –4 .4 2 .9 
BFS-61 0.0320 2 .5 1 .9 –2 .6 3 .0 
BFS-62 0.0218 2 .0 1 .3 2 .3 2 .5 
BFS-73 0.0358 2 .5 1 .4 3 .1 2 .6 
Activation Technique С 28 /F 25 BFS-97/1 0.1137 2 .4 0 .9 –0 .5 2 .5 
BFS-97/3 0.0657 2 .5 1 .0 0 .5 2 .7 
BFS-99/1 0.0662 3 .0 1 .3 2 .0 4 .1 
BFS-101/2 0.0548 2 .2 1 .4 1 .5 2 .6 
BFS-31-4 0.143 ∗ 2 .8 ∗ 1 .5 ∗ 0 .8 ∗ 3 .2 ∗
0.129 2 .9 1 .4 –1 .6 3 .4 
BFS-42 0.155 2 .6 1 .3 2 .0 3 .0 
BFS-61 0.126 2 .2 0 .8 2 .3 2 .8 
BFS-73 0.1114 2 .3 0 .9 0 .5 3 .2 
∗ Measured by foils in the intertube gap. 
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 The values of k eff were calculated for all the considered as-
emblies based on the ROSFOND-2010 and ABBN-RF neu-
ron data libraries [17] . The difference between the k eff values
alculated using group approach (ABBN-RF) and the cal-
ulation results based on ROSFOND-2010 does not exceed
.2%; the calculation-to-experiment discrepancy does not ex-
eed 0.3% k/k . 
onclusion 
Currently, much importance is given to the design, devel-
pment and adaptation of VRM for a new range of tasks. An
nalysis of permissible VRM and their combinations imple-
ented in the MCNP code has demonstrated that in order to
erform multivariate calculations in a reasonable time with
he required accuracy, it is necessary to use non-analogous
alculation acceleration methods. 
The results of the analysis have shown that the combination
f mesh-based weight window with energy splitting/roulette
eads to a significant increase in the calculation efficiency and
 reduction of computer time from a few days to a few hours
t a statistical error in the spectral index of less than 2%.
he VRM implemented in the MCNP code make it possible
o create reliable calculation models of integral experiments to
etermine local functionals in highly heterogeneous systems.t seems appropriate to further develop, validate and adapt the
mplemented VRM for calculations of other important local
unctionals (e.g., reactivity disturbance by small-sized sam-
les). 
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